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We propose a spin transistor using only non-magnetic materials that exploits the characteristics 
of bulk inversion asymmetry (BIA) in (110) symmetric quantum wells. We show that extremely 
large spin splittings due to BIA are possible in (110) InAs/GaSb/AlSb heterostructures, which 
together with the enhanced spin decay times in (110) quantum wells demonstrates the potential 
for exploitation of BIA effects in semiconductor spintronics devices. Spin injection and detection is 
achieved using spin-dependent resonant interband tunneling and spin transistor action is realized 
through control of the electron spin lifetime in an InAs lateral transport channel using an applied 
electric field (Rashba effect). This device may also be used as a spin valve, or a magnetic field 
sensor. The electronic structure and spin relaxation times for the spin transistor proposed here are 
calculated using a nonperturbative 14-band k • p nanostructure model. 
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A number of semiconductor spintronic devices have 
been proposed in recent years that rely on the en- 
ergy splitting between electron spin states arising from 
structural inversion asymmetry^^i^ also known as the 
Rashba effect^ Among these device concepts, those in- 
volving only non-magnetic materials are especially at- 
tractive for application to high-speed, spin-sensitive elec- 
tronics, since they avoid the complex materials issues and 
unwanted stray magnetic fields associated with the incor- 
poration of magnetic contacts, and because their opera- 
tion relies on applied electric fields only, which may be 
modulated at considerably higher rates than magnetic 
fields. The 6. 1-A lattice constant family of heterostruc- 
tures (AlSb/GaSb/InAs) offers substantial advantages 
for such applications because of the high electron mobil- 
ity of InAs and the extremely large spin splittings charac- 
teristic of these heterostructures £L£ However, in devices 
relying entirely on the Rashba effect, a tradeoff exists 
between the spin splitting and the spin relaxation time 
(Ti) due to the characteristics of the associated crystal 
magnetic field. In a III-V semiconductor heterostructure, 
the magnitude and direction of the wavevector-dependent 
crystal magnetic field determines the size of the spin split- 
ting and the rate of spin relaxation through precessional 
decayAifiiii The Rashba effective magnetic field lies in 
the plane of the heterostructure and perpendicular to the 
electron wavevectori^i In this case, regardless of the 
choice of the non-equilibrium spin orientation to be used 
within a specific spintronics device, promising designs in- 
corporating a large Rashba spin splitting will suffer from 
rapid precessional spin relaxation, 12 placing serious lim- 
itations on feasible device architectures. 

Here we propose a spin transistor using non-magnetic 
materials that exploits the unique characteristics of bulk 
inversion asymmetry (BIA) in (llO)-oriented semicon- 
ductor heterostructures. Since the BIA crystal mag- 
netic field in (110) symmetric quantum wells is ori- 
ented approximately in the growth direction for all 
electron wavevectors (k)jA£ in devices based on such 
structures there is a natural choice of quantization 
axis for spin along which precessional spin relaxation 



Spin Injector 



(a) 









InAs^t 






I 


^ AlSb 






ft 1 GaSb 







Spin Manipulation 
(Transistor Action) 



Spin Collector 



InAs - 
AlSb 



InAs Substrate 




FIG. 1: (a) Schematic diagram of a non-magnetic semicon- 
ductor spin transistor. The contacts involving extra (shaded) 
layers represent metal-on-insulator gates. The spin relaxation 
time in the 2DEG lateral transport channel is controlled using 
an applied electric field, (b) Calculated crystal magnetic field 
for HH1 in the GaSb/AlSb quantum well within the proposed 
spin injector/detector for a fixed in-plane electron wavevector 
(k||) of 0.03 A" 1 versus in-plane angle (<f>). <j> — corresponds 
to the [001] direction, (c) Schematic diagram of the calculated 
field in (b). Due to the field characteristics in (b) and (c), the 
side contacts on the RIT structures must be oriented with 
the [110] axis, however the direction of transport in the InAs 
2DEG is unrestricted. Lateral transport along [110] is shown 
only for simplicity of illustration. 



is suppressed i^i^i^ In the present work, we demon- 
strate that large BIA spin splittings are possible in 
(110) InAs/GaSb/AlSb heterostructures, exceeding re- 
ported Rasbha spin splittings in this systematise and 
in InGaAs/InAlAs heterostructuresi 8 i 16 i 17 i 20 The device, 
which is depicted schematically in Fig. [Ja), utilizes 
spin-dependent resonant interband tunneling (RIT) 5,21 
in a (110) InAs/AlSb/GaSb/AlSb/InAs heterostructure 
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FIG. 2: Description of a spin filter and detector based on 
RIT in a InAs/AlSb/GaSb/AlSb/InAs heterostructure. (a) 
Calculated spin splitting in a GaSb/AlSb quantum well ver- 
sus quantum well thickness (Lxjsb = 60 A); (b) Overlay of 
the calculated band structure of the 13 AGaSb/AlSb quan- 
tum well, the bulk InAs emitter, and the 215 AlnAs/AlSb 
quantum well forming the lateral transport channel. For the 
GaSb quantum well, spin up (down) states with respect to 
the (110) growth direction (+z) are indicated by the dotted 
(solid) curves. For bulk InAs and the weakly confined 2DEG, 
the spin splittings are not resolvable on this energy scale. The 
zero of energy has been chosen at the edge of the first conduc- 
tion subband (CI) of the InAs 2DEG; (c),(d) Close-up view 
of the states involved in resonant tunneling, under conditions 
of (c) spin injection and (d) spin detection. +z (-z) polar- 
ized electrons are indicated by the shaded (diagonal striped) 
region. 



for both the generation and detection of spin-polarized 
electrons. Spin transistor action is realized through 
the application of an external electric field to a lateral 
transport channel formed by a high mobility, symmet- 
ric InAs two-dimensional electron gas (2DEG). The ap- 
plied field reduces the spin relaxation time in the InAs 
quantum well through the electric field-induced Rashba 
effecliS&iSiiLiSiiSiS^ yielding unpolarized carriers follow- 
ing lateral transport. The electronic structure and spin 
relaxation times for the spin transistor proposed here are 
calculated using a nonperturbative 14-band k ■ p nanos- 
tructure model^ in which BIA is included naturally to 
all orders of the electron wavevector. 



The central feature exploited in the device proposed 
here is the structure of the BIA crystal magnetic field in 
(110) symmetric quantum wells. As shown in Fig.^b)- 
(c), the salient features of this field are: (i) it is ori- 
ented primarily in the growth direction; and (ii) for each 
spin subband, the carrier spin points in the opposite di- 
rection on either side of k-space (about the [001] axis). 
The calculated field in Fig. ^b) corresponds to the first 
heavy hole subband (HH1) in the GaSb/AlSb quantum 
well within the proposed spin injector/detector, but these 
primary characteristics are reproduced by both valence 
and conduction states for any (110) III-V semiconductor 
quantum welli^ 3 . The crystal magnetic field in Fig. [Jb)- 
(c) differs fundamentally from the clockwise and counter- 
clockwise pinwheel structure associated with the Rashba 
effecfe^Sii; in contrast, for (110) symmetric heterostruc- 
tures there is a natural choice of quantization axis for 
spin in the growth direction. In this case, the BIA crys- 
tal magnetic field lifts the degeneracy of the electron spin 
states but induces only very small precessional relax- 
ation, resulting in long spin lifetimes. The strong en- 
hancement of T\ due to the near growth direction orien- 
tation of the BIA crystal magnetic field in (llO)-oriented 
heterostructures was recently observed in GaAs/AlGaAs 
quantum wellsi^ and InAs/GaSb superlatticesii^ 

Electron spin injection in the proposed device is 
achieved through spin-dependent RIT^Si. Resonant 
tunneling has been utilized in both magnetic* 2 ^ 5 , and 
nonmagnetio^ii^ spintronics device proposals in recent 
years. As shown in the inset of Fig. Ufa), electrons in 
the conduction band of the InAs emitter tunnel through 
the two HH1 spin states of the GaSb quantum well, 
whose degeneracy is lifted by BIA, to the InAs 2DEG 
lateral transport channel. Spin independent transport 
in similar RIT structures has been under investigation 
for more than a decade because of the advantages of 
the broken gap band alignment of the InAs/GaSb het- 
erojunction for high speed electronic applications^^ 
The calculated HH1 spin splitting in the GaSb quan- 
tum well is shown in Fig. Eta) for a range of well thick- 
nesses. For thin GaSb layers, the BIA-induced spin 
splitting exceeds 30 meV, and is larger than that uti- 
lized in similar spin filter devices based on the Rashba 
effect. 2,3 ' 4,5 The spin splitting for the first conduction 
subband of the GaSb quantum well, which is not used 
in the present device, is < 20% smaller for the range 
of in-plane wavevectors shown and is considerably larger 
than the conduction band Rashba spin splitting in In- 
GaAs/InAlAs heterostructuresiSiiSiiLSS These large spin 
splittings, which reflect the strong spin-orbit interaction 
in GaSb, would permit filtering of electron spins at room 
temperature with suitably designed emitter and collector 
regions. 

Since the crystal magnetic field for each of the HH1 
spin subbands reverses sign on either side of the [001] 
axis, net spin injection is achieved by applying a lateral 
bias along [110] using side gates across the InAs emit- 
ter, as depicted schematically in Fig. ^a). The use of 
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FIG. 3: Calculated longitudinal spin relaxation time in the 
(110) InAs/AlSb quantum well as a function of electric field 
along the growth direction for a lattice temperature of 77K. 
A momentum relaxation time of 100 fs was assumed. Inset: 
Calculated crystal magnetic field for an applied field of E=0 
kV/cm and E=50 kV/cm, illustrating the growth of the in- 
plane Rashba field component with applied bias. 



a lateral bias to generate spin-polarized current was de- 
scribed previously in analogous resonant tunnel spin fil- 
ter devices employing the Rashba effect w& Fig. GJb)-(d) 
shows the calculated valence subband structure of the 
GaSb quantum well, together with the conduction band 
states of the bulk InAs emitter and the InAs 2DEG lat- 
eral transport channel, which is lightly doped (N^ = 1 x 
10 17 cm -3 , fermi energy 30 meV). In Fig. [^c)-(d), +z 
(-z) polarized electrons (+z = [110]) arc indicated by the 
shaded (diagonal striped) regions. Electrons that reso- 
nantly tunnel through the structure will emerge in the 
InAs 2DEG with their spins aligned with the resonant 



levels in the quantum well 



2,3.5 



i.e., in the ±z direction. 



As shown in Fig. [2fc) , under the application of a lat- 
eral bias to the bulk InAs emitter, the requirements of 
conservation of energy and in-plane momentum for the 
tunneling electrons lead to the dominance of tunnel cur- 
rent involving electrons of one spin (+z is shown: the 
direction of spin polarization is determined by the po- 
larity of the lateral bias). The situation of Fig. [^c) in 
principle leads to 100 % spin-polarized injection, leading 
to a partially spin-polarized distribution in the lightly 
doped InAs 2DEG channel. For the inter-band spin fil- 
ter design proposed here, only a single hole subband is 
involved in the tunneling process, avoiding the need to 
use pauli blocking of collector states to achieve high spin 
filtering efficiency^ The heavy-hole (HH) light-hole (LH) 
splitting in the GaSb quantum well is very large (280 
meV) , resulting in strongly reduced HH-LH band mixing 
and the corresponding suppression of Elliott- Yafct spin 
relaxation processes 2 ^ 2 ^ for electrons as they traverse the 
confined hole states in the GaSb quantum well. Addition- 
ally, a very small bias is required between the emitter and 
collector regions, generating negligible associated Rashba 
effects. 

Spin-dependent resonant tunneling in a second GaSb 
quantum well (see Fig.^a)) is used for detection of spin- 



polarized electrons following lateral transport in the InAs 
2DEG channel. As shown in Fig. |2Id), as long as a 
net spin polarization persists in the 2DEG at the sec- 
ond RIT structure, and the range of energies between 
the fermi levels of the minority and majority spin elec- 
trons is in resonance with the BIA-split spin levels of the 
GaSb quantum well (a condition which may be controlled 
through appropriate choice of doping level in the 2DEG 
channel) a ballistic lateral current will be generated in 
the final InAs collector due to the preferential tunneling 
of spins on one side of k-space relative to the [001] di- 
rection. In the steady state, this ballistic current will be 
detected as a voltage at the side gates across the collec- 
tor. The polarity of this voltage indicates the orientation 
of the initial spin polarization in the 2DEG. If no spin 
polarization survives following transport in the 2DEG, 
the tunnel current will have equal contributions on both 
sides of k-space, producing no voltage across the collec- 
tor side gates. As this spin detection scheme relies only 
on a difference in population between the two spin states, 
it does not require ballistic transport in the InAs 2DEG 
channel. 

Spin transistor action is achieved through control over 
the spin relaxation time in the 2DEG using the electric 
field-induced Rashba effecti 6 i 8 i 16 i 17 i 18 i 19 i 22 The calculated 
Xi for electrons in the (110) InAs/AlSb quantum well is 
shown in Fig. [3] as a function of the applied electric field. 
In the absence of the field, the precessional spin lifetime 
is extremely long because both the injected electron spins 
and the BIA crystal magnetic field arc oriented primarily 
in the growth direction. For comparison, Ti is more than 
3 orders of magnitude smaller for the corresponding (001) 
InAs/AlSb quantum well, 29 reflecting the in-plane ori- 
entation of the BIA magnetic field in (001) heterostruc- 
tures. Ti in (110) quantum wells is limited only by a very 
small, in-plane BIA magnetic field component that orig- 
inates from contributions of higher than 3rd order in the 
electron wavevector. The applied electric field introduces 
structural inversion asymmetry that produces an in-plane 
Rashba magnetic field component^ as shown in the in- 
set to Fig. [3] This in-plane magnetic field induces rapid 
precessional relaxation of the growth-direction-polarized 
electron spins in the InAs 2DEG, thereby preventing de- 
tection at the final RIT spin filter. Because of the strong 
spin-orbit interaction in the AlSb barriers and the small 
band gap of the type II InAs/AlSb quantum well, the 
application of a relatively weak electric field leads to a 
sharp decrease in spin lifetime: Ti falls by more than 2 
orders of magnitude for E < 5 kV/cm. This pronounced 
sensitivity of T\ to the applied field may permit operation 
of the spin transistor proposed here with a low threshold 
gate voltage, representing a likely advantage over con- 
ventional transistor technology. It should be noted that 
the gate voltage only controls the spin decay rate asso- 
ciated with precessional relaxation, which is known to 
dominate in most III-V semiconductorsSiifli 3 ^ (including 
InAs/GaSb/AlSb heterostructurea 9 i 10 i 31 i 32 i 33 ) above 77 
K. The residual relaxation rate due to other processes 
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that may become important with the strong suppression 
of precessional relaxation in this (110) 2DEG (such as 
the Elliott- Yafet mechanismf2L2&) will ultimately deter- 
mine the requirements for the lateral dimension of the 
2DEG transport channel and the minimum applied field 
required to produce the spin transistor action in the de- 
vice proposed here. 

In summary, we have proposed a non-magnetic semi- 
conductor spin transistor that utilizes the characteris- 
tics of BIA effects in (110) III-V semiconductor quantum 
wells. Our demonstration that extremely large spin split- 
tings associated with BIA in 6.1 A semiconductor het- 
erostructures are possible, together with the long spin 
lifetimes we calculate for these structures, illustrates the 
strong potential for applications of BIA in a wide range of 
(110) semiconductor spintronics device concepts. For ex- 
ample, because of the growth direction orientation of the 
electron spins in such structures, vertical emission spin- 
polarized light-emitting diodes^* may be realized based 



on BIA-mediated resonant tunneling spin filters such as 
that proposed here. A non-magnetic semiconductor spin 
valve may also be realized using a device similar to that 
in Fig.QJa)^ in which the resistivity between the source 
and drain is controlled by the relative polarity of a bias 
applied to the side contacts of the injection and detection 
RIT structures. Due to the large g factor in InAs, the 
present device may also find application as a magnetic 
field sensor, in which the phase of coherent spin preces- 
sion of electrons in the InAs channel in the presence of an 
external B field would be indicated by the magnitude and 
polarity of the voltage measured at the collector RIT. We 
estimate that a magnetic field as low as a few gauss may 
be measurable using such a device. 
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